1. Introduction {#s0005}
===============

The popularity of herbal medicines is currently rising worldwide. However, the unpleasant taste of these substances is a common issue and is to some degree impeding the progress of ongoing efforts to give herbal medicines wider applications[@bib1]. Among the offensive tastes, bitterness is one of the most prominent and can severely influence the compliance of patients, especially among infants and children[@bib2], [@bib3]. To develop effective taste masking strategies, it is essential to evaluate the bitterness objectively[@bib4]. Our predecessors created a simple classification system for the bitter traditional Chinese herbs (TCH) that depended on sensory evaluation and included the following categories: strongly bitter, moderately bitter, slightly bitter, and not bitter. However, their evaluation methods are not exact, and they became increasingly unable to meet the demands of modern accurate quantification.

After decades of experimenting, several taste evaluation methods have been established[@bib5]. The classic one is the human sensory test. It reflects genuine human perception, but is constrained by experience, identification ability, and individual differences. At the same time, the toxic or potentially hazardous substances in TCH make it difficult to conduct the experiments ethically. In general, this method is inconvenient, time consuming and has a low throughput[@bib6]. To overcome these deficiencies, animal behavioral assays coupled with statistical methods, such as the animal preference test[@bib7] and the conditioned taste aversion tests[@bib8], were explored to evaluate the animals\' degree of distaste. However, the assessment was comparative. It could not reflect the overall level of distaste, and animal individual differences could not be ignored. A third method is the chemical evaluation method, in which the dissolution profile of bitter compounds could directly represent the bitterness intensity[@bib9], [@bib10], [@bib11]. However, it was unsuitable for TCH because of the complexity and uncertainty of the bitter ingredients[@bib12]. The last method is a modern bionics evaluation represented by the electronic tongue (e-tongue)[@bib13]. This method of detection is sensitive and fast, and even tiny differences can be resolved. However, it requires the sample to be controlled at a lower concentration, and the consistency of the evaluation results between the electronic tongue and real perception is still controversial. Through the analysis of these methods, it was found that they have become more precise over time; whereas there has been no investigations of improved precision in human bitterness detection. It seemed clear that further studies were needed to balance sensitive discrimination and genuine taste perception.

Animals tend to pursue their own interests and avoid risks. Accordingly, the two-bottle preference test (TBP) was designed to assess the unpleasant taste of food or beverage[@bib14], and the preference index (PI) was used as an evaluation indicator[@bib15]. The experiment was performed by observing the preferences and dislikes in the animals\' drinking habits. Rats are frequently chosen as test subjects, because rodents have bitter taste receptors that are highly homologous to those of humans and thus have a similar sense of taste[@bib16]. Additionally, the individual differences existing among the rats can be decreased by observing them in large numbers and using a statistical approach. In addition, the bitterness of TCH needs to be fully and integrally characterized, as their components are complex. Therefore, a TBP at an integral level is suitable for TCH. However, there still are lots of challenges since the TBP has not been previously reported with TCH. Since TBP results are relative, and TCH are numerous, there needs to be a unified index and evaluation standard. To achieve the requirement of TCH, the standardization of an animal model, the determination of an evaluation index, the development of a quantification method, and the reliability of quantified results for realistic and sensitive discrimination in the TBP should be optimized.

In this study, the methodology of the animal model was optimized first. Quinine, which is recognized as a standard substance in the study of bitterness perception[@bib17], was selected as the quantified standard. Then, according to the classifications in the *Chinese Pharmacopoeia*[@bib18], the PI of 12 types of TCH, without other tastes, from different bitterness levels was obtained by the optimized method. After that, the bitterness of TCH was quantified based on the standard concentration--PI equation of quinine and the PI of TCH was expressed as the amount of quinine. Finally, the quantified result was verified by human sensory test to get a real sense *in vivo* and e-tongue for sensitive discrimination *in vitro*. At the end of the study, the bitterness of TCH was converted to a united standard based on its biological assessment. This standard could provide a method for an exemplification of the sensory evaluation of natural medicines, and could be a potential tool for taste masking study of bitter TCH preparations.

2. Materials and methods {#s0010}
========================

2.1. Ethics statement {#s0015}
---------------------

This study was conducted in strict accordance with the recommendations of the Guidelines for the Care and Use of Laboratory Animals of the Ministry of Science and Technology of China. The protocol and experimental designs were approved by the Ethical Committee of Affiliated Hospital of Chengdu University of Traditional Chinese Medicine (Approval ID: 2014KL-016). All animals remained healthy throughout the experiment, and all possible steps were taken to avoid the animals\' suffering at any stage of the experiment. Volunteers were given written informed consent regarding the purpose of the study and their right to keep information confidential. Informed written consent was obtained from all participants.

2.2. Chemicals and animals {#s0020}
--------------------------

TCH were purchased from Rongle Pharmacy (Chengdu, China) and identified by Professor Runchun Xu of Chengdu University of Traditional Chinese Medicine (Chengdu, China). Their bitterness was of different level ([Table 1](#t0005){ref-type="table"}). Quinine sulfate (No. YM0317BA14, purity\>98.0%) was purchased from Yuanye Biological Technology Co., Ltd. (Shanghai, China), and was dissolved in distilled water before the experiment to a serial of concentrations (0, 0.004, 0.02, 0.1, 0.5, and 1 mg/mL), respectively. Water was purified using a Milli-Q water purification system (Millipore, Bedford, MA, USA). All other chemicals used were of analytical grade and available locally.Table 1Bitterness of the studied TCH.Table 1NumberTCHChinese nameBitter description1Artemisiae Annuae HerbaQinghaoSlightly2Sennae FoliumFanxieyeSlightly3Scutellariae Barbatae HerbaBanzhilianSlightly4Nelumbinis FoliumHeyeSlightly5Meliae CortexKulianpiBitter6Scutellariae RadixHuangqinBitter7Gentianae Radix et RhizomaLongdanBitter8Stephaniae Tetrandrae RadixFangjiBitter9Sophorae Flavescentis RadixKushenStrongly10Sophorae Tonkinensis Radix et RhizomaShandougenStrongly11Coptidis RhizomaHuanglianStrongly12Andrographis HerbaChuanxinlianStrongly

Sprague--Dawley (SD) rats were obtained from the Institute of Laboratory Animals of Sichuan Provincial People\'s Hospital (Permit No. SCXK (chuan) 2013-15, Chengdu, China). The animals were housed in plastic cages under standard conditions (23.5 ± 1.5 °C, under a 12-h light--dark cycle with lights on at 8:00 am, food and water provided *ad libitum*). Rats were adapted to laboratory conditions for at least 1 week prior to data collection. All experiments were performed during the light phase of the light--dark cycle. All possible steps were taken to avoid animal suffering at any stage of the experiments.

2.3. Optimization of methodology of TBP {#s0025}
---------------------------------------

A previous study showed that animals with different genders[@bib19] and weights[@bib20] had different sensitivity levels to taste. Moreover, to reduce the number of animals used and to achieve the 3 R principles of animal ethics, the rats were recycled. Therefore, the recycling times, the gender and the weight were all investigated to obtain the optimal parameters.

In each test series, the rats first received two drinking tubes[@bib21] containing distilled water for 48 h; and then were given a choice between distilled water and ascending concentrations of quinine solutions, with each test lasting 48 h. The positions of the two drinking tubes were switched every 24 h. Intakes amounts from each tube were obtained by recording the level of fluid (on a volumetric scale to the nearest 0.1 mL) at approximately 8:00 am for each 48-h test period. The PI was used as the index by comparing the ratio of sample consumption to the total amount of water and sample over 48 h. When the PI was greater than 50%, it indicated that the rats liked the sample. A PI that was lower than 50% suggested that the rats disliked the sample.

### 2.3.1. Screening of gender {#s0030}

To avoid sensitivity to the concentration, the above mentioned six concentrations of quinine were provided. Twenty rats weighing 180--220 g were divided equally into male and female groups. The gender parameter was optimized using the standard deviation (SD) of the PI.

### 2.3.2. Screening of weight {#s0035}

Based on the survey of gender, thirty rats were divided equally into 140--180 g, 180--220 g and 220--260 g groups. The weight parameter was optimized using the SD of PI.

### 2.3.3. Relationship between concentrations of quinine and PI {#s0040}

Twenty rats were used to obtain the relationship between the concentration of quinine and the PI based on the optimized gender and weight parameters. And the above mentioned six concentrations of quinine were provided.

2.4. Quantification of the bitterness of TCH {#s0045}
--------------------------------------------

The TCH were respectively extracted by reflux extraction with distilled water to a concentration of 1 mg/mL (quantified by the crude drug amount). The PI was obtained through the above optimized method of TBP. The bitterness intensities of the TCH were calculated by combining the standard coordinate--concentration relationship, and expressed by concentrations of quinine.

2.5. Verification of results {#s0050}
----------------------------

### 2.5.1. Electronic tongue measurement {#s0055}

To study the applicability of the quantified method, e-tongue was used to verify the results as it has a good resolution.

#### 2.5.1.1. Preparation of samples {#s0060}

Quinine was dissolved in purified water and diluted to 1, 0.7, 0.5, 0.3, 0.1, 0.02, and 0.004 mg/mL. The preparation of TCH was the same to that in TBP. Each solution was then filtered through 0.45 μm nylon membrane filters (Tianjin Jinteng Co., Ltd., Tianjin, China).

#### 2.5.1.2. Analysis method {#s0065}

The samples were measured by a sensor-based system: ASTREE II e-tongue system (Alpha M.O.S., Toulouse, France) equipped with seven liquid cross-selective sensors (ZZ, AB, GA, BB, CA, DA, and JE). The response intensity of each sensor was measured with an Ag/AgCl reference electrode. The potentiometric differences between each coated sensor and the reference electrode contributed to the intensity value of the measured samples. The acquisition time was fixed at 120 s[@bib22]. Sensors were rinsed with distilled water between each measurement. Measured data were recorded and analyzed by AlphaSoft Software (Alpha MOS, Toulouse, France). Each sample was replicated 10 times, and the last three measurements were used for subsequent data analysis because it was observed that the last three measurements had lower variation in the sensors\' potentiometric response[@bib23], [@bib24], [@bib25].

At present, e-tongue commonly uses Euclidean distance (*E*~d~) in the principal component analysis (PCA) map to quantify the taste[@bib26]. *E*~d~ is the true distance between two points in the dimension space. It is commonly used by e-tongue to predict the taste masking efficiency of different formulations. It can be calculated by the center coordinates of each sample on a PCA map.$$E_{d} = {}\sqrt{\sum_{i = 1}^{k}{(x_{i} - y_{i})}^{2}}$$where *k* represents the number of variables of each sample. *x*~*i*~ represents the value of variable *i* of the first sample. *y*~*i*~ represents the value of variable *i* of the second sample. The shorter is the *E*~d~, the similar the bitter intensity. In this study, *E*~d~ represents the distance between each TCH and quinine at 0.5 mg/mL. A smaller *E*~d~ indicates a more bitter formulation.

### 2.5.2. Human sensory test {#s0070}

To study the authenticity of the quantified method, a human sensory test using the visual analog scale (VAS)[@bib27] was proposed to verify the results. VAS was a measurement instrument for subjective characteristics or attitudes that cannot be directly measured. It was widely applied in pain score, and was borrowed to bitter evaluation.

In the test, 24 well-trained and healthy volunteers (11 male and 13 female, aged 20--26) participated in the sensory evaluation. Volunteers were selected from graduate students at Chengdu University of Traditional Chinese Medicine. During the training sessions, volunteers were trained with different concentrations of quinine solutions (1, 0.7, 0.5, 0.3, 0.1, 0.02, and 0.004 mg/mL) so they were accustomed to the evaluation scales and bitterness intensities. After that, the samples were evaluated. A drop of approximately 10 mL of each solution was applied to the upper surface of the tongue for 15 s. Then, the test solution was expectorated. Volunteers were asked to score the "bitterness" using the 100 mm VAS by placing a mark along a 100 mm line[@bib23]. Between each test interval, the mouth was rinsed well with distilled water so that no bitter taste remained. Volunteers were given a break between each session.

2.6. Statistical analysis {#s0075}
-------------------------

Statistical analyses were performed using SPSS 22.0 package (SPSS Inc., Chicago, IL, USA). Data were reported as mean ± standard deviation (SD) and as individual values in the figures. Differences were considered statistically significant at *P* value \<0.05. Data obtained by e-tongue were firstly normalized by SPSS 22.0 package. SIMCA-P 11.0 version (Umetrics AB, Umea, Sweden) was used to carry on PCA. Oringin 9.0 (OriginLab, Hampton, Massachusetts, USA) was used to fit the concentration and PI of quinine.

3. Results {#s0080}
==========

3.1. Optimization of methodology of TBP {#s0085}
---------------------------------------

The results of gender and weight studies were shown in [Fig. 1](#f0005){ref-type="fig"}. Comparison of the overall SD of PI showed that the data from male rats were more stable than those of female rats, and the data of 180--220 g rats were more stable than those of 140--180 g and 220--260 g rats. Therefore, male rats weighing 180--220 g were selected for the follow-up studies.Figure 1Influence of sex (A) and weight (B) on preference index.Fig. 1

The result of PI based on the optimized parameters was shown in [Fig. 2](#f0010){ref-type="fig"}A. When the concentration of quinine was higher than 1 mg/mL, the PI did not decrease with the increasing concentration. This may have been due to the tolerance level of the rats. Thus, rats was not used for more than five times. Therefore, the relationship between the concentration of quinine and PI was established according to the first five concentrations. Finally, the logarithmic model was selected to fit the curve ([Table 2](#t0010){ref-type="table"} and [Fig. 2](#f0010){ref-type="fig"}B).Figure 2Concentration--preference index (PI) relation of quinine.Fig. 2

3.2. Quantification of bitterness of TCH {#s0090}
----------------------------------------

[Fig. 3](#f0015){ref-type="fig"}A showed the PIs of TCH. Through the standard coordinate--concentration fitting equation, the quantified bitterness of TCH expressed by concentrations of quinine was displayed in [Fig. 3](#f0015){ref-type="fig"}B. Based on the quantified bitterness, these TCM could be classified to 5 levels. Bitterness was strongest at quinine concentrations over 0.02 mg/mL. The taste was remarkably bitter at concentrations between 0.01 to 0.02 mg/mL. The taste was bitter when concentration was between 0.005 to 0.01 mg/mL. The bitterness was slight at concentration between 0.001 to 0.005 mg/mL. The taste was not bitter when concentrations were lower than 0.001 mg/mL ([Table 2](#t0010){ref-type="table"}).Figure 3Preference index (PI) of traditional Chinese herbs (A) and quantified bitterness expressed by concentration of quinine (B). See herb numbers in [Table 1](#t0005){ref-type="table"}.Fig. 3Table 2Fitting equation between concentrations of quinine and preference index (PI).Table 2ModelFitting equation*R*Linear*Y*= 0.3937−0.5347*X*0.728Polynomial*Y*= 0.4766−2.9922*X*+4.6449*X*^2^0.876Allometric*Y*= 0.1401*X*^−0.2195^0.941Hill1*Y*= 0.5692--0.8678*X*^0.3196^/(0.8370+*X*^0.3196^)0.982Log3P1*Y*= 0.1048−0.0621×ln(*X*+0.0006163)0.998

3.3. Verification of results {#s0095}
----------------------------

### 3.3.1. E-tongue measurement {#s0100}

In order to determine the resolution of the quantified method, e-tongue was utilized to verify the results in *vitro*. As shown in [Fig. 4](#f0020){ref-type="fig"}B, the R.S.D. values of all samples were less than 3%. This suggested that the assay variation of the sensors was minimal and that reproducible results could be generated. The PCA map was shown in [Fig. 4](#f0020){ref-type="fig"}C. The cluster of each sample was small, indicating the analysis was reproducible. Furthermore, a clear discrimination between different samples was observed. As shown in [Fig. 4](#f0020){ref-type="fig"}D, the *E*~d~ between the quinine at 0.5 mg/mL and the TCH could compare the bitterness levels of TCH. For example, the distance between Coptidis Rhizoma and quinine was the smallest, so Coptidis Rhizoma was the most bitter of the TCH. This was consistent with the results of TBP.Figure 4Validation effects of electronic tongue. (A) Sensory potential. (B) Radar map of RSD% of sensors. (C) PCA map of TCH. (D) Euclidean distance of TCH and 0.5 mg/mL quinine. (E) Correlation analysis between Euclidean distance and preference index (PI) of TCH. (F) Correlation analysis between Euclidean distance and corresponding concentration of quinine of TCH. See herb numbers in [Table 1](#t0005){ref-type="table"}.Fig. 4

Correlations were determined with Pearson\'s coefficient. The correlation coefficient (*r*) of fitted equation ([Fig. 5](#f0025){ref-type="fig"}E) between PI and *E*~d~ of TCH was 0.853, and the r of fitted equation ([Fig. 4](#f0020){ref-type="fig"}F) between the predicted bitterness and *E*~d~ was 0.707. Thus, the established method has good resolution.Figure 5Validation effects of human sensory test. (A) Clinical VAS scores of TCH. (B) Correlation analysis between VAS scores and preference index (PI) of TCH. (C) Correlation analysis between VAS scores and corresponding concentration of quinine of TCH. See herb numbers in [Table 1](#t0005){ref-type="table"}.Fig. 5

### 3.3.2. Human sensory test {#s0105}

The result of human sensory test was shown in [Fig. 5](#f0025){ref-type="fig"}A. It reflected a human\'s true sense of taste. The correlation coefficient (*r*) of fitted equation ([Fig. 5](#f0025){ref-type="fig"}C) between PI and VAS scores of TCH was 0.928, and *r* of fitted equation ([Fig. 5](#f0025){ref-type="fig"}C) between the predicted bitterness and VAS scores was 0.900. It showed that the established method was realistic.

The validation results of e-tongue and human sensory test both exhibited a high correlation (*r*\>0.7) with quantified bitterness. Thus, this established method has a strong level of sensitivity and discrimination and can reflect a human\'s real sense of taste. Through further analysis, it was found that the correlation between the PI, quantified bitterness and the VAS scores was higher than that of the *E*~d~. This finding demonstrated that the quantification method used in this paper was more capable of reflecting real taste than discriminating different samples. The correlation coefficient of *E*~d~ and VAS scores was 0.723. This indicated that e-tongue could not detect the true bitterness like TBP, as the bitter taste of TCH was different and more complex. Using animal models would allow a comparison of their behaviors with the psychophysical results obtained by human subjects, providing a potential bridge between the animal neurobiological data and human taste perception.

4. Discussion {#s0110}
=============

Bitterness exists in many natural products, natural medicines and the preparations of those products. For instance, andrographolide (a natural antibiotic)[@bib28] and tetrandrine (an analgesic)[@bib29] both taste strongly bitter. We counted the number of TCH in the 2015 edition of the *Chinese Pharmacopoeia*[@bib18]. It was found that 618 TCH were recorded, and 22% of these were classified as bitter, including Coptidis Rhizoma (a well-known antibacterial herb)[@bib30] and Gentianae Radix et Rhizoma (an anti-inflammatory herb)[@bib31]. Moreover, bitterness is also common in traditional patent drugs, such as Ginaton (containing *Ginkgo biloba* leaf extract, for anti-cerebral ischemia)[@bib32] and Kushen Tablets (containing Sophorae Flavescentis Radix, a well-known antineoplastic medication)[@bib33]. Therefore, bitterness is ubiquitous in TCH and their preparations. In some cases, the degree of bitterness may influence doctors\' decisions to prescribe these medications. Thus, quantifying the bitterness is important. Moreover, it is also essential for evaluation of the taste masking effectiveness.

TBP utilized the idea that rats would seek advantages and avoid disadvantages as an external stimulus to assess taste. This was thought to reflect the overall true taste *in vivo*. To reduce the impact of the individual differences among rats on results, the influence of gender and weight was investigated. [Fig. 2](#f0010){ref-type="fig"} demonstrated that rats could be recycled in this experiment. It could keep the rat number to a minimum to achieve the 3R (reducing, reusing, and recycling) principles of animal ethics. To solve the problem that the evaluation standards were disunity and the indicators were difficult to quantify, quinine was used as a standardized bitter substance, and the bitterness of TCH was quantified by corresponding concentrations of quinine. Eventually, TBP could be able to determine the overall quantitative characterization of the intensity level of the bitterness for TCH.The taste assessment of pediatric drugs is difficult. Sensory evaluation in children is challenging, particularly with sick children, and is likely to be limited or even prohibited by ethics boards[@bib34]. One could argue that adults could be used to test the medications\' tastes. Thus far, very little data exist to indicate that using adults to assess the palatability of children\'s medication would be of any value[@bib35]. Thus, we are attempting to use young rats for TBP to alternate children for the evaluation of pediatric drugs in further research.

The quantified method could be developed for equipment aiming at taste assessment. The samples in bottles were weighed through the electrical potential instead of volume by pouring samples into graduated cylinders. Then, the electrical potential was connected to computer, and the taste level could be determined by real-time computing.

5. Conclusions {#s0115}
==============

This study is the first to apply TBP to the field of TCH and a new method suitable for the quantitative evaluation of bitterness of TCH was first established. Quantitative results from this study can be used to supply the taste description of TCH. This method contributed to the assessment of taste masking effect of TCH preparations. Moreover, it may also be feasible for quality control evaluation of herbs containing complex and numerous components by comparing the taste intensity. Further, it may provide a new perspective for the quantitative evaluation of other taste. Overall, this study may be significant in promoting the modernization of the character estimation of TCH.
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